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Summary
The technique of nonlinear least squares spectral curve fitting has been
used to retrieve pressure—temperature profiles over the 18- to 75-km altitude
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range from 0.0l-cm = resolution infrared solar absorption spectra recorded by

the ATMOS (Atmospheric Trace Molecule Spectroscopy) Fourier transform spec-
trometer during the Spacelab 3 shuttle mission in April-May 1985. Preliminary
results obtained for four occultation events at 25.6°-30.5°N., and one occulta-

tion event at 49.0°S. are compared to correlative measurements.




I. Introduction

Accurate quantitative interpretation of infrared spectra recorded with a
limb-viewing instrument requires knowledge of the vertical pressure-
temperature profile. This information is often determined from separate -
rocketsonde or radiosonde measurements or is adopted from climatological data.
Because in some cases this information may be incomplete or inaccurate, par-—
ticularly for a satellite experiment with global coverage, methods are needed
to infer accurate pressure-temperature profiles directly from the measured
spectra. This approach also has the advantage of avoiding systematic errors
which might result from uncertainties in the geometric parameters (instrument
altitude, pointing angle, etc.). Toth [1977] used measurements of integrated
absorption by high-J lines in the R branch of the 4.3-um vy band of 12C1602
to retrieve a stratospheric temperature profile from high resolution spectra
recorded by a balloon-borne interferometer. Park et al. [1980] and Park
[1982] analyzed the same set of near-infrared spectra to obtain both pressure
and temperature from integrated absorption measurements of CO, lines having
different lower state energies. Rinsland et al. [1983a] used the technique of
nonlinear least squares spectral curve fitting to derive a stratospheric tem—
perature profile from measurements of the 10.4-um band of COp in a different
series of balloon-borne solar spectra. Techniques for retrieving pressure and
temperature from high resolution spectra need to be refined, validated, and
applied in additional regions of the infrared. 1t is particularly important
to be able to retrieve pressure and temperature from spectra which also con-
tain atmospheric molecules of importance in understanding upper atmosphere

chemistry and dynamics.




3

The flight of the ATMOS (Atmospheric Trace Molecule Spectroscopy) Fourier
transform spectrometer aboard the Spacelab 3 shuttle mission from April 30 to
May 6, 1985 [Farmer and Raper, 1986] has provided such an opportunity. Prior
to launch, four research groups (JPL, Ohio State University, Oxford Univer-
sity, and NASA Langley) were given the assignment of developing pressure-
temperature retrieval algorithms which could be used for operational pro-
cessing of ATMOS data. The results obtained for Spacelab 3 by the various
groups were to be compared with each other and with correlative pressure-
temperature data to validate procedures, provide pressure-temperature profiles
for the minor and trace gas profile analyses, and aid in selecting the best
approach for retrieving pressure and temperature from spectra recorded during
future ATMOS missions. In this report, we describe the pressure-temperature
retrieval algorithm developed by the NASA Langley group. It was developed on
the Langley CDC computer system and has been transferred to the JPL ATMOS
Prime computer for on~line, rapid processing of ATMOS spectra. We present for
five Spacelab 3 occultations a comparison between pressure-temperature pro-
files retrieved with our algorithm and correlative pressure-temperature
profiles deduced from global satellite and radiosonde measurements by the
National Meteorological Center (R. Nagatani, private communication, 1985).

The methods and retrieved pressure-temperature profiles of the four research
groups are discussed and compared in a journal manuscript in preparation.

The authors acknowledge numerous useful discussions with a number of
ATMOS science team members and collaborators, especially C. D. Rogers, A,
Muggeridge, J. H. Shaw, Bo-Cai Gao, L. Lowes and C. B. Farmer. Research at ST
Systems Corporation was supported by the National Aeronautics and Space

Administration.



II. ATMOS Experiment Description

The essential elements of the ATMOS instrument are the Sun tracker,
telescope, and a double-pass Michelson interferometer. The interferometer
uses a moving "cats eye" arrangement to scan the maximum path difference of
47.4 cm and return in about 2.2 seconds, yielding an unapodized resolution of
0.01 cm_l. Four overlapping broadband filters covering altogether 600 to
4700 cm-l, a survey filter (600-4700 cm—l), and a "notch" filter (600-750 cm !
and 2000-2500 cm_l) are mounted on a filter wheel which can be positioned
automatically on successive occultation events as designated by the ATMOS
science team. The infrared radiation is detected with a HgCdTe element cooled
to 77°K using liquid nitrogen. The combination of orbital inclination, space-
craft velocity, and instrument scan time provides double-sided interferograms
gseparated by about 4 km in tangent height. In the lower stratosphere the
separation in tangent height is reduced by atmospheric refraction and drift of
the suntracker field of view on the solar disk. The instrument operated for
almost 2 days, providing about 1500 double-sided interferograms totaling
about 9 Gigabytes of data. About 1000 of these scans were recorded under
"high Sun" conditions; the remaining 500 scans were recorded under "low Sun"
conditions, and these show a wealth of atmospheric absorption features at
tangent heights between about 10 and 150 km.

A total of 12 sunset occultations were obtained over the latitude range
25.6°N. to 32.7°N., and 7 sunrise occultations were obtained between 46.7°S.
and 49.0°S. The present analysis has utilized the five occultations, four

sunsets and one sunrise, recorded with filter #3 (1580-3400 cm_l). The

observation date, spacecraft altitude, and the geographical location of the




tangent point are listed for these occultations in Table I (SS=sunset,
SR=gsunrise). All were obtained with a field of view of 1 milliradian, which
corresponds to an altitude range of 2 km at the tangent point.

Each ATMOS spectrum is generated from the inverse Fourier transform of
two—sided interferograms and subsequently ratioed at each wavelength to a
"high Sun" spectrum to remove solar absorption and emission features. We have
analyzed the primary point data (no interpolation), apodized using the strong
apodizing function of Norton and Beer [1976]. The signal-to-rms noise of the
spectra in the regions ultilized for analysis is typically 150. Below about
25 km, the signal-to-rms noise in the temperature sensing region near
2390 cm-1 is reduced by continuous absorption by far wings of strong CO, lines
and by pressure—induced absorption from the fundamental band of molecular

nitrogen [Rinsland et al., 1981].

ITI. Algorithm and Analysis

As in several previous published studies [Toth, 1977; Park et al., 1980;
Park, 1982; Rinsland et al., 1983a], we have chosen to determine atmospheric
pressure and temperature from measurements of absorption lines of carbon
dioxide. The volume mixing ratio (VMR) has been assumed to be known at all
altitudes (adopted values are listed in Table II); the analysis of the spectra
proceeds downward to successively lower tangent heights using the "onion~-
peeling" approach [Russell and Drayson, 1972; Goldman and Saunders, 1979].
Temperature-insensitive lines (lower state energiles, E" = 150-500 cm—l) in
each spectrum are analyzed to infer the tangent point pressure P with an
uncertainty op; temperature-sensitive lines (E" > 1200 cm_l) in each spectrum

are analyzed to infer the tangent point temperture T with an uncertainty
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The measured tangent point pressures and temperatures are adjusted based
on their uncertainties using a least squares procedure, as discussed below, to
produce a final retrieved pressure—-temperature profile in hydrostatic
equilibrium.

The analysis begins with ray—-tracing calculations performed with the
FSCATM program from FASCODIC [Gallery et al., 1983] assuming the geometric
parameters (spacecraft altitude, measurement latitude, and refracted tangent
heights) from the Spacelab 3 ephemeris. The 1976 U.S. Standard Atmosphere was
adopted as the initial pressure—temperature profile, and with these values,
mass paths (in units of pressure times path length) and density-weighted
effective pressures and temperatures were calculated for each layer (~1 km
thick) and for each ray path.

Pressure and temperature have been determined from each spectrum using
the technique of nonlinear least squares spectral curve fitting. This method
has proven particularly suitable for spectral analysis because of its complete
use of the spectral data, its accuracy in establishing the background level
and instrument line shape, and its usefulness in regions of overlapping spec-
tral lines. It also permits the frequency shift of the data and instrument
distortion effects such as channeling and baseline (0 percent transmission)
shifts to be retrieved in the analysis [cf. Niple, 1980; Hoke and Shaw, 1982;
Park, 1983]. The algorithm used in the present analysis is a modified version
of the one used previously to retrieve minor and trace gas volume mixing ratio
profiles [cf. Rinsland et al., 1982] and a stratospheric temperature profile
[Rinsland et al., 1983a].

In addition to solving for the tangent point pressure or temperature, a

number of instrumental parameters can be adjusted in fitting each microwindow.

To match the backgrounds of the measured and calculated spectra, up to three




adjustable parameters can be included in the analysis. These parameters model
the level, the slope, and the curvature of the background using the polynomial

expression:
I(V) = (A, + Aj(Vv-0) + Ay(v-v )21 T(V) (1

where I(V) is the calculated intensity at wavenumber v; AO, Ay, and A2 are the
adjustable coefficients for fitting the background; Yo is a reference wave-
number; and t(V) is the calculated transmittance at wavenumber V. A single
adjustable parameter is included to account for a wavelength shift between the
measured and calculated spectra. If channel spectra are observed in the data,
parameters are included to model the amplitude, period, and phase of each
component using the expressions of Niple et al. [1980]. The instrument line
shape is modeled to account for both intensity and phase errors [cf.
Guelachvili, 1981; Park, 1983], including the effects of interferogram
smearing [Park, 1982]. Up to 10 parameters can be included to model distor-
tions in the symmetric part of the line shape function using the effective
apodization approach [Park, 1983; Park, 1984]. This method has been modified
so that all coefficients are adjusted simultaneously after each iteration.
Asymmetric line shape distortions are modeled with a single parameter assuming
a simple phase error [cf. Niple et al., 1980; Guelachvili, 1981]. The effect
of finite field of view [cf. Guelachvili, 1981] is included in the calculation
of the line shape.

Typically, the values of only four of the parameters discussed above need
to be adjusted to fit the ATMOS spectra to the noise level of the data. These
four fitted parameters are the tangent point pressure or temperature, the
background level (Ao of Eq. 1 with Ay and A3 constrained to zero), the wave-

length shift between measured and calculated spectra, and a "straight-line"



effective apodization parameter [Park, 1983]. Phase errors and channel
spectra are found to be negligible in all but a few cases. As mentioned pre-
viously, at tangent heights below ~25 km, continuous absorption resulting from
the pressure-induced fundamental vibration-rotation band of N, and the far
wings of intense ) band lines of CO, affects the shape of the background near
2390 cm ! [Rinsland et al., 1981] where the lines used for temperature sensing
are located; this absorption is not simulated in our calculation, and there-
fore, for these altitudes, it is necessary to include the background coeffi-
cients A; and A, as adjustable parameters to match the background of the mea-
sured and calculated spectra.

It is important to note that several assumptions have been made in the
analysis. The actual COp volume mixing ratios in the atmosphere may be dif-
ferent than those assumed in the analysis (Table II1). There is increasing
uncertainty in the CO, VMR above 80 km where photolysis is expected to produce
a rapid decrease in CO, volume mixing ratio with increasing height. To limit
the effect of this uncertainty on the results, pressure-temperature values
have been retrieved only below 75 km. We assume that the atmosphere is in
local thermodynamic equilibrium (LTE) and in hydrostatic equilibrium at all
altitudes. The LTE assumption should be a good approximation for altitudes
below about 65 km; at higher altitudes, vibrational temperatures may be
significantly lower than the kinetic and rotational temperature [cf. Bullitt
et al., 1985]. To minimize errors arising from non-LTE effects at high
altitudes, we have used only transitions from the ground vibrational state,
the population of which is relatively insensitive to temperature. The line
shape is assumed to be given by the Voigt profile which results from combined
Lorentz collisional and Doppler broadening. The effects of pressure—induced

line shifts, sub- or super-Lorentz far-wing line shapes, collisional or Dicke




narrowing, and radial velocity shifts from atmospheric winds are not included
in computing the absorption coefficients. The baseline has been assumed to be
given by the instrumental zero level. Saturated lines show baseline shifts of
up to several percent in the ATMOS spectra, but unfortunately, this shift is
found to be wavelength dependent so that it is possible to apply reliable
baseline offsets to the data only when there are saturated lines very close to
the analysis region. Because of the limited vertical resolution of the mea-
surements (=4 km), it is necessary to adopt a model for the variation of the
temperature with height over the range of altitudes defined by the tangent
points of successive scans. In this work, we have assumed that the change in
temperature is linear with altitude over this region. A constant temperature
has been assumed above the tangent height of the highest altitude spectrum.
The spacing in tangent height of successive spectra is assumed to be correctly
represented in the ATMOS Spacelab 3 ephemeris, including the effects of atmo-
spheric refraction on the ray paths and the drift of the Sun tracker, which is
caused by differential refraction and differential attenuation across the
solar disk during sunrise and sunset. The assumption of the altitude spacing
1is an important one in applying the constraint of hydrostatic equilibrium to
the pressure-temperature profile. Fortunately, there has been considerable
work by members of the ATMOS science team (including the authors) to empiri-
cally adjust the spacings by fitting CO, and N, lines in the spectra.
Preliminary pressure-temperature profiles retrieved by the four analysis
groups were used in these studies. The pressure-temperature profiles reported
here are consistent with these empirical spacings. All of the assumptions
noted above are under investigation and will be modified as additional refine-
ments are included in the analysis. For example, preliminary retrievals using

temperature~insensitive vy band lines indicate that the volume mixing ratio of
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CO, begins to decrease near 86 km, a lower altitude than adopted in the analy-
sis, and that the falloff of the CO, VMR with increasing height is much more
rapid than assumed in the reference profile (Table II).

Table III is a listing of the microwindows selected for sensing both
temperature and pressure. The temperature-sensitive lines are all R-branch
transitions of the intense v3 band of 12Cl602. The parameters assumed for
these lines in the analysis are those from the September 1986 ATMOS line list.
Because of the large change in pressure over the range of altitudes considered
(~18-75 km), the pressure sensing lines selected for analysis have intensities
which vary by over four orders of magnitude. The positions, intensities, and
lower state energies of these lines have been taken from analyses of labora-

tory spectra of CO, recorded at 0.01 em™ !

resolution by investigators at NASA
Langley and William and Mary [Rinsland and Benner, 1984; Rinsland et al.,
1980, 1983b, 1984, 1985, 1986, Malathy Devi et al., 1984; Benner and Rinsland,
1985]. These parameters also appear in the September 1986 ATMOS line list.
The air-broadened halfwidths for all CO, lines are taken from the ATMOS com-

pilation; a T 0:73

temperature dependence has been assumed for the variation
of the air-broadened halfwidth with temperature.

Each of the microwindows listed in Table III contains between 2 and 19
lines of CO,. Only one of the microwindows has been used to retrieve the tan-
gent point temperature of each spectrum. The tangent point pressure of each
spectrum is obtained from the weighted average of the pressures retrieved from
fitting as many as six microwindows. The weight W of each measurement has
been calculated as 1/02, where 0 1is the statistical uncertainty in the

pressure from the spectral fitting results. By averaging, the uncertainty in

the tangent point pressure retrieved from each spectrum is reduced.
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As noted in Table 111, several of the microwindows contain minor contami-
nation by solar lines and by atmospheric lines from molecules other than COo,.
To minimize the effect of the atmospheric lines on the retrieval results,
their absorption has been included in the calculations and a parameter has
been added to solve for the tangent point volume mixing ratio of the contami-
nant gas. Lines of solar CO occur in many of the microwindows selected for
pressure sensing; a few atomic solar lines occur in the microwindows selected
for temperature sensing. Because the cancellation of the solar lines is
imperfect, particularly at tangent heights below 50 km, the microwindows have
been chosen to avoid CO, lines which have strong solar features ciose to their
line centers.

The first iteration of the spectral analysis begins by retrieving the
vertical pressure profile, assuming the 1976 U.S. Standard Atmosphere temper-
atures. Because the pressure lines are insensitive to temperature, a fairly
good first estimate is obtained. Then, with these retrieved pressures, the
temperature-sensitive lines are analyzed to obtain a first estimate of the
vertical temperature profile. At this point, the hydrostatic equilibrium
constraint is applied to refine the results.

From analysis of N spectra, a total of 2N atmospheric parameters are
retrieved: N measurements of tangent point temperatures and N measurements of
tangent point pressures. However, the solution is overdetermined to define an
atmosphere in hydrostatic equilibrium. For example, N-1 measurements of the
temperature gradient between successive spectra and a pressure and temperature
at an arbitrary point are sufficient.

Therefore, a program was written to obtain a best-fit hydrostatic atmo-
sphere from the retrieved tangent point pressures and temperatures. As above,

each measurement was assigned a weight W given by 1/02, where o 1is the
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uncertainty from the spectral analysis (typically 5 to 10 percent for the
pressures and 1 K for the temperatures). The fitted parameters were the pres—
sure and temperature at the tangent point of the highest altitude spectrum (a
constant temperature was assumed above this altitude) and the temperature
gradient (degrees Kelvin per km) between the tangent points of the succes-
sively lower altitude spectra. The analysis program includes the variation of
the acceleration of gravity with latitude and altitude in the calculations.

The best-fit hydrostatic atmosphere and associated mass paths are then
used as starting values for the second iteration. Again, the pressure profile
is retrieved with the temperature profile fixed. These new pressures and
associated uncertainties are used with the temperatures and associated uncer-
tainties from the earlier iteration to refine the estimate of the hydrostatic
atmosphere. This procedure is then repeated using the temperature sensing
lines, constraining the pressures. At this point, the pressures are found in
most cases to differ by <2 percent and the temperature by <1 K from those
retrieved after the first iteration.

The analysis is then repeated for a third and final iteration using both
the pressure and temperature microwindows. The entire retrieval is automated
and runs in the background as a batch job on the ATMOS computer system. All
calculations, except the FFT's (Fast Fourier Transforms), are performed in
double precision. Array processors are used to calculate the forward and in-
verse FFT's. Speed is enhanced by storing the absorption coefficients from
all layers above the tangent layer. The Drayson [1976] Voigt profile algo-
rithm, which i{s both fast and accurate [Twitty et al., 1980], is used in the
line shape calculations. The CPU time is 4 to 6 hours per occultation, but

improvements in the ATMOS computer system are expected to reduce the CPU time

significantly.
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IV. Results

Typical least-squares fitting results are illustrated in Figures ! and 2.
Figure 1 shows plots for two pressure sensing microwindows; two temperature-
sensing microwindows are shown in Figure 2. For each spectrum (all from
§S06), the measured intensities are normalized to the highest measured inten-
sity in the microwindow. The residuals (observed minus calculated) are given
above each spectrum. In all cases, the standard deviation of the residuals is
close to the noise level of the data, indicating satisfactory modeling of the
spectral data.

Figures 3 to 7 present a comparison of the retrieved pressure-temperature
profiles for $S06, SS09, SS11, SS13, and SRO2 and the NMC correlative data for
the corresponding geometric locations. The measured temperatures are within
the NMC error bars for almost all determinations for the five occultations.
However, it is interesting to note that our retrieved temperatures are all
warmer than the NMC values near 1 mb, the temperature maximum, for all the
sunset occultations. The temperatures retrieved for SS09 between ~3 and
~30 mb are colder than the NMC values. The cause for these discrepancies is
unclear. The retrieved profiles for the sunset occultations are all very
similar. The profile for SRO2 is much different, which is not surprising
considering the large difference in the geographic locations of the tangent
points of the sunrise and sunset spectra. A large difference between the NMC
and Langley temperatures occurs near 0.4 mb in SR02, where the present results
indicate a temperature minimum.

Table IV presents a summary of the comparisons between the retrieved and
NMC values. The mean temperature difference (NMC minus Langley) is 1.2 K with
a standard deviation of 6.0 K. From this result we conclude there is no sig-

nificant bilas between the two sets of temperatures. The NMC uncertainties
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increase with altitude and are much larger for the Southern Hemisphere than

for the Northern Hemisphere.

V. Summary and Conclusions

A method has been described for retrieving pressure-temperature profiles
from the high resolution infrared solar absorption spectra recorded by the
ATMOS instrument. The method produces results which are, in most cases, in
agreement with correlative measurements within their estimated uncertainties.

The retrieval method is automated, and with the experience gained from
analyzing the Spacelab 3 data, it should be possible on future missions to
retrieve pressure-temperature profiles for all of the filter #3 occultations
within several days of receiving the data. Further work is needed, however,
since some of the assumptions noted above may produce systematic errors.
Both the effect of non-LTE in CO, and the profile of COy in the upper meso-
sphere and lower thermosphere are being studied. Also, microwindows with
well-determined line parameters need to be defined for the other ATMOS filter
regions so that pressure-temperature profiles can be retrieved from occulta-

tions recorded with these other filters.
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Table I

ATMOS Occultations Analyzed for Pressure and Temperature

U.T. Spacecraft Tangent Point
Occultation Date Altitude (km) Latitude Longitude
' SRO2 4/30/85 363.3 48.9°S 294 .4°E
$s06 4/30/85 360.,2 30.5°N 291.4
SS09 5/1/85 359.4 26.8°N 15.3
Ss11 5/1/85 359.3 26.2°N 329.3
SS13 5/1/85 359.4 25.6°N 283.3

Notes: The altitudes, latitudes, and longitudes are values at a tangent
height of about 25 km. The geometric parameters changed slowly during
the event. For example, the SS09 occultation values for spacecraft
altitude, latitude, and longitude were 359.3 km, 26.5°N, and 15.1°E,

regspectively, at a tangent height of 14.7 km.



Table II

Assumed CO, Volume Mixing Ratio Profile (VMR)

Altitude Co, VMR
(km) (ppmv)
130 160
120 160
115 210
110 290

20-105 330

18 332

16 334
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Table III

Pressure Sensing Microwindows

SPECTRAL INTERVAL ALTITUDE RANGE ISOTOPE BAND
1909.4~-1912.6 cm ! 45 - 55 km 626 11102-00001

INTERFERENCE

H,0, Solar CO

1913.7-1917.4 45 - 55 626 11102-00001 NO, Solar CO
1932.2-1934.9 30 ~ 45 626 11102-00001 H,0, Solar CO
1950.5-1954.0 25 - 30 626 11102-00001 Hy0, Solar CO
2051.8-2053.7 60 - 70 626 11101-00001 Solar CO
2056.4-2058.5 60 - 70 626 11101-00001 Solar CO
2059.5-2063.0 60 - 70 626 11101-00001 CO, Solar CO
2076.0-2079.0 55 - 65 626 11101-00001 CO, Solar CO
2253,5-2257.6 70 - 75 636 00011-00001 Solar CO
2259.3-2263.2 70 - 75 636 00011-00001 Solar CO
2264,8-2268.6 ' 70 - 75 636 00011-00001 Solar CO
2270.1-2273.9 70 - 75 636 00011-00001 Solar CO
2615,5-2617.5 17 - 20 628 20002-00001 -
2619.9-2621.6 20 - 30 628 20002-00001 -
Temperature Sensing Microwindows
SPECTRAL INTERVAL ALTITUDE RANGE ROTATIONAL LINES E'" (max)
2380.5-2384.4 cm! 70 - 75 km RSO - R58 1334 cm”!
2384.0-2388.1 65 - 70 R58 - R68 1828
2387.0-2389.5 55 - 65 R66 - R72 2047
2389.0-2392.4 50 - 55 R72 - R82 2650
2390.3-2393.8 30 - 50 R76 - R88 3048
2392.0-2393.8 17 - 30 R82 - R88 3048

Notes: 1. All CO, lines in the temperatuYS T%crowindows are rotational
transitions in the vV, band of c-o

2. Some solar absorption lines occur in the temperature microwindows.

3. E"(max) is the lower state energy of the highest rotational
transition within the microwindow.

4. 626 = 12¢160,; 636 = 13c160,; 628 = 16912¢18p,
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